Introduction
Obstructive sleep apnea syndrome (OSAS), which is the sleep disorder most often referred to the sleep laboratories for polysomnography recording, is characterized by intermittent complete (apnea) or partial (hypopnea) obstruction episodes of the upper airway that may repeat all night long (1) . The prevalence of OSAS is 1%-4% in middle-aged adults and 24%-30% in the elderly (2) . There are two main symptoms in OSAS patients as follows: nocturnal symptoms during sleep (e.g., loud snoring, choking during sleep, abnormal motor activities) and daytime symptoms (e.g., intense daytime lethargy, poor memory, personality changes, hyperactivity in children) (2) (3) (4) .
Although morphological and neurochemical-structural changes associated with cognitive impairment might occur due to sleep fragmentation and chronic cerebral hypoxia episodes that can lead to brain damage, the pathophysiology of the cognitive deficits is still unclear (5, 6) . Affected areas mostly lead to deficiency of attention, learning, memory, executive, and intellectual functioning (4) .
Although routine magnetic resonance (MR) imaging (MRI) is often sufficient to show obvious cerebral injury, advanced and quantitative MRI techniques such as MR spectroscopy (MRS) and diffusion tensor imaging (DTI) can reveal neurochemical and structural changes in damaged brain tissue in OSAS patients (5, 7, 8) . Manual, semiautomated, and automated voxel-based morphometry (VBM) methods, which have been increasingly used since 1995, provide volume and thickness calculation of the gray matter (3, 4, 9) . Gray matter thickness and volume changes are observed in normal aging and many diseases, including Alzheimer disease and other dementias, Huntington disease, corticobasal degeneration, amyotrophic lateral sclerosis, schizophrenia, and OSAS (4, 10) .
Freesurfer is a fully automatic software that is primarily used in cortical parcellation and subcortical segmentation (8) . This program makes reconstructions by using 3-dimensional (3D) T1-weighted (W) anatomical scans. To the best of our knowledge, there has been no previous report in the literature that evaluates the changes of all intracranial structures in OSAS patients by using software that is able to perform fully automatic and detailed segmentation-parcellation as Freesurfer does. The aim of this study was to use a fully automated program for evaluation of the morphological changes of certain brain structures in two groups (OSAS patients and controls). With this purpose, MR images of OSAS patients and the control group were analyzed with Freesurfer software, and the data obtained using this software were compared statistically.
Materials and methods

Patient population
Twenty-four OSAS patients who were referred to our radiology department during the 3-year period were included in this retrospective study. The diagnosis of OSAS for each patient was obtained with polysomnography (PSG) based on the guidelines of the American Electroencephalographic Society and Epworth Sleepiness Scale (5, 11) . Most of our patients have new-onset OSAS. Twenty-six volunteers without any neurological sleep abnormalities, OSAS findings, or additional illnesses were included in the control group. Their neurological examinations and cranial MRI results were normal. There was no history or diagnosis of sleep disorders in the control group. Patients who suffered from trauma, malignancy, intracranial mass, cerebral ischemia or infarction, dementia, major cardiovascular disorder, or psychiatric diseases were excluded. There was no known comorbidity (hypertension, diabetes, etc.) among control subjects.
In order to avoid a possible false analysis, we excluded 4 controls and 6 OSAS patients in whom magnetizationprepared rapid acquisition gradient-echo (MPRAGE) sequence had aliasing artifacts. As a result, 18 OSAS patients (13 males, 5 female; mean age: 50 ± 9 years) and 20 control subjects (9 males, 11 females; mean age: 44 ± 9 years) were included in this study. The study was approved by the ethical committee.
MRI examinations
MR images were obtained using a 1.5-T MR unit (Magnetom Vision Plus, Siemens, Erlangen, Germany). After acquisition of scout images, sagittal plane 3D T1W data were obtained using an MPRAGE sequence (TR/TE: 9.7/4 ms; TI: 300 ms; echo train: 1; field of view: 270 × 270 mm; matrix: 200 × 256; number of slices: 128; slice thickness: 1.2 mm; FA: 12°; time of acquisition: 5 min). Mean imaging time for MR evaluation was 10 min. The parameters of the MPRAGE sequence were the same for the OSAS and control subjects.
Data analysis
The anatomic images that were obtained from the MPRAGE sequence in DICOM format were transferred to a Linux-based computer with Freesurfer v5.0 (MGH, Boston, MA, USA) software. First, minimal shifts caused by patient movements during the examination were corrected on the images. The MPRAGE images were then placed on the Talairach brain coordinate system (12) . The brightness variations caused by the alterations of B1 magnetic field were corrected and normalized. All the white matter brightness was set at the value of 110. All of the evaluated brains were constructed on the icosahedron (20-faced polyhedron) template by using the skull-stripping procedure. Modifications in shape were made with two different forces (force and curvature reducing force) (13) . Therefore, the cortical borders were determined more efficiently. White matter tagging was then done according to the brightness values. The subcortical spaces were filled and the brainstem was removed from the images to create segmentation and to generate cortex surface; thus, the white matter template was created. The brain surface model was formed with the MESH (finite element) technique. The remaining parts, including cerebrospinal fluid and brain parenchyma, were used as a brain mask during the tagging and segmentation procedures.
Automatic tagging and segmentation processes were done with the proposed method for subcortical regions; they were performed with the Destreiux template for the cortical regions (14, 15) (Figure) . Using the present brain template allowed us to perform the pretagging process, increased the success of segmentation, and reduced the errors caused by pathological conditions. The failed parts were corrected manually, and volume measurements were repeated by a biomedical engineer (B.A.) who is a professional Freesurfer user. Moreover, the brain volume measurements obtained from every patient were normalized by dividing their own brain volume, and these results were analyzed statistically. Additional information regarding morphologic analysis using Freesurfer software can be found in references 8 and 15, and at http://surfer. nmr.mgh.harvard.edu/fswiki/freesurferwiki.
Statistical analysis
All statistical analyses were performed using SPSS 20.0 software (SPSS Inc., Chicago, IL, USA). Continuous variables are represented by median (minimummaximum) values. For continuous variables, comparisons of the two groups were performed by using a MannWhitney U test, while categorical variables were compared between groups by using a chi-square test. The level of statistical significance was set at P < 0.05.
Results
The average cortical thickness was lower in OSAS patients bilaterally at the pars orbitalis, paracentral, rostral middle frontal, frontal middle, orbital, and superior frontal gyri areas when compared with the control group subjects (P < 0.05) ( Table 1) . Similarly, the average cortical thicknesses of inferior parietal, medial orbitofrontal, precuneus, frontal superior, occipital middle, postcentral, rectus, gyri, and subcallosal gyri in the right hemisphere, and entorhinal, fusiform, lateral occipital, pars opercularis, superior temporal, inferior temporal, precentral, postcentral, rostral anterior cingulate, cuneus, transverse temporal, insula, occipital temporal medial parahippocampal, and parietal inferior angular gyri in the left hemisphere were unilaterally lower in the OSAS group when compared with the control group (P < 0.05) ( Table 1) . In volumetric analysis, the total cortical (P < 0.05), left/ right hemispheres' gray matter (GM) (P < 0.001), total GM (P < 0.001), subcortical GM (P < 0.05), corpus callosum (P < 0.05), and bilateral ventral DC-thalamus proper (P < 0.05) volumes were lower in OSAS patients when compared with the control group (Table 2) . Likewise, normalized volume measurements of the putamen, hippocampus, accumbens area, and caudal anterior cingulate in the right hemisphere, and medial orbitofrontal, caudate, posterior cingulate, and pallidum in the left hemisphere were unilaterally lower in the OSAS group when compared with the control group (P < 0.05) ( Table 2 ).
There was no significant difference between the patient and control groups in terms of cerebellar cortex or white matter volumes (P > 0.05). Significantly increased volume and surface area values in the left posterior cingulate cortex were observed in patients with OSAS compared with the controls (P < 0.05).
Discussion
Intermittent cerebral ischemia secondary to repeated apnea and hypopnea episodes and sleep fragmentation during sleep in OSAS patients causes several changes in the central nervous system (16, 17) . Emotional-cognitive changes and daytime sleepiness are the daytime symptoms of OSAS patients (11) . Structural-metabolic alterations in some regions of the brain are responsible for those symptoms (18) . However, the pathophysiology of OSAS is complicated and has not been completely understood yet (16) . In the current retrospective study, we aimed to determine possible morphological changes of OSAS patients' brains by using fully automated analysis software (Freesurfer). In this study, we used the T1W 3D-MPRAGE sequence for cerebral parcellation-segmentation since this sequence could provide excellent white and gray matter distinction. Most of the cortical and subcortical structures can be easily distinguished with this feature (8) . Most of the brain structures can be analyzed by using a fully automated program (e.g., Freesurfer) without the need for drawing the region of interest manually. The Freesurfer program could save time significantly with this feature when compared with manual or semiautomated programs (8, 15) . In addition, volumes and cortical thicknesses of the various cerebrospinal-fluid-containing spaces and/or gray and white matter structures can be determined by using the Freesurfer program (19) . In this program, approximately 8 patients could be analyzed in a day depending on the capacity of the computer used. Detection of those areas with Freesurfer is much easier than using other nonfully automated programs (12) (13) (14) (15) .
In the current study, a decrease in the average cortical thickness was detected particularly at the gyri of the frontal, parietal, and temporal lobes in the OSAS group when compared with the control group. These data are consistent with the literature (3,4,11) . It is suggested in the literature that the involvement of these areas is the result of neuronal damage depending on intermittent hypoxia (2, 6) . Although the cause of the involvement of these regions is not clear, these areas are suggested to be more sensitive to hypoxia (2, 20) . However, we did not detect any significant volumetric decrease in some cortical gyri of those lobes mentioned above. Gray matter volume loss is associated with severity of the disease in OSAS patients (2, 21) . Most of our study patients consisted of newly diagnosed OSAS patients, which could be the reason for this situation.
We detected decreased left-right hemisphere cortical GM, total cortical GM, subcortical GM, total GM, basal ganglia, and corpus callosum volumes after volumetric analysis in OSAS patients when compared with the control group ( Table 2) . As reported in the literature, our data indicate the development of global or multifocal brain atrophy and/or statistically significant gray matter volume deficits in OSAS patients (2) (3) (4) (5) (6) . Additionally, global volume reduction of the corpus callosum might be an important indicator of hypoxic white matter impairment in OSAS (22) (23) (24) . Interestingly, there was no significant difference between the patient and control groups in terms of cerebellar cortex or cerebellar white matter volumes.
In our study, a unilateral decrease in the values of cortical thickness of some regions (especially the right superior frontal and left temporal lobes) was detected after the cortical parcellation (Table 1) . These changes may be related to the memory impairment observed in OSAS (22) (23) (24) . It has also been reported that the involvement of the regions mentioned above contributes to the symptoms (such as motor regulation imbalance and cognitive impairment) of OSAS patients (3, 4, 6, 11) . We observed significantly increased volume and surface area values in the left posterior cingulate cortex in patients with OSAS compared with the controls. These changes might be responsible for cognitive changes (25, 26) .
It is reported that the involvement of the hippocampus is particularly seen in severe OSAS patients (3, 4, 21) . However, there are some studies suggesting that there is no hippocampus abnormality in early OSAS patients (5, 6, 21, 22) . Morrell et al. detected unilateral hippocampus involvement in 7 newly diagnosed OSAS patients (2). Sarma et al. reported that significant NAA/Cr differences in the left hippocampus were observed between patients with OSAS and controls (23) . In this study, we did not find prominent bilateral hippocampal involvement. However, there was also a statistically significant reduction in the right hippocampus volumes and left entorhinal cortex of the patient group (Tables 1 and 2 ). This could be related to our patient group consisting of newly diagnosed individuals, or our relatively small number of study cases. We suggest that hippocampal involvement could be demonstrated more optimally by using the 3D-T1W data, which consist of smaller isotropic voxels with high tesla MR devices.
There are some limitations to our study. The most important one is the relatively small number of the OSAS group. There are many factors that could lead to differences in morphometric features of the brain (age, smoking, hypertension, sex, drinking, handedness, diabetes, severity and onset of OSAS, etc.). The patient and control groups in our study were not matched for all of these factors. Furthermore, some of the controls reported having nonspecific headache. This may be a drawback. As observed in our study, a perfusion study by Innes et al. demonstrated that there was significant involvement in the paracingulate-cingulate cortex, left putamen, right hippocampus, and right thalamus (26) . Another limitation of this study is that we could not assess the perfusion changes of the regions using additional techniques (such as perfusion W MR imaging), because these regions had a tendency to disparity in patients with OSAS. In addition, the achievement of 3D-T1W images used for automated parcellation with a 1.5-T MR device is the other potential limitation, as mentioned above. Since our study was retrospective, unfortunately we could not prevent these limitations. This manuscript presents only a comparison between fully automated segmentation results for OSAS patients and control subjects. Therefore, comprehensive new studies with large series are necessary to avoid these limitations and to get more effective results.
In conclusion, morphologic changes might occur in the brain and cerebrospinal fluid-containing spaces of OSAS patients due to intermittent ischemia episodes. We detected reduced gray matter concentration, specifically in the right superior frontal gyrus, left temporal lobe, corpus callosum, basal nuclei, and right hippocampus. Freesurfer may be a useful tool for the evaluation of the cerebral changes related to OSAS. Detection of those areas with Freesurfer is very easy. New studies with large series would be required on this topic.
